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A oeramia-linedtestohamberwasoperatedatfuel-alrratios
upto0.050.Thermal-shockevaluationindioatedthata aeramio
llningwhiohems alterfiringwouldoraokbutwouldnotfall
apartduringope?ation.Refractorinessoftheoeramloliningand
theresistancetomsohanioalshookwereadequate.Ingensml,
shelltemperaturereductionsofapproximately400°F wereeffeoted
bytheuseofthisliningatfuel-airratiosof0.016and0.050.
Themschanismoffailureoftheoeramioliningwasznduoedby
suddenheatingandooolingduringoperation.

INTRODUCTION

Analysisofpresent-dayoombustlonoyolesinairoraftgas
turbinesindioatesa needforinoreasedoperatingtempe~turesto
permitincreasedeffioiencyofopegation.Thehigh-te~rature
alloyscurrentlyinuselimitoperatingtemperaturesofmterials
toapproximately1600°F andshowlittlepromiseofpermitt~any
inmediatesubstantialinoreaseinoperatingtemperature.Thehigh
meltingpoints,the10KthermlOonduotivities,andthelowpotential
oostofavailableceramh=terialsprompttheconsiderationofsuoh
=terialsforapplioatiaingas-turbineparts.,

Allcombustionohambersofcurrentgasturbinesforalroraft
useoonslstofanoutershellandaninnerliner● Thepurposeof
theinnerlineristopermitoaibustiontooocurata favorable
fuel-airratiobyshieldingtheflamefromthebulkofthealr.
Holesorslotsintheinnerlinerpermitinletairtomixwiththe
productsofcombustionsomedistanoefromthepointofinitialcom-
bustion.

Asa preliminaryprooeduretothisinvestigatim,a nauiberof
failedcombustion-ohamberlinersobtainedfromserviceturbinesand
fromexperimentallaboratorysetupswase~d. Itwasobvious
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thatsomeattribute
gaseousatmosphere,
sibleforfailure.

NACARMHO. E7E20

ofoonibustion,suohasstress,temperature,
ora combinationofthesefactors,wasrespon:

A numberofexperimentswasconsequentlyconduotedwithliners
consistingofoeramic-terials.Theselinersinvariablyoracked
duringoperationduetothermalstressessetupwithintheliner.
Itappearedneoessaryeithertominimizethermalstressesbyoon-
struotinga linerofsmllsegments,Inanyoneofwhiohnolarge
themalgradientoouldappearbeoauseofthesmallsizeofthe
segment,ortoincreaseresistancetothermal-stressfailureby
reinforcingtheoeranio.A rehforoedceramloshellwastherefore
examinedattheMACAClevelandlaboratorytodetermineitssuita-
bilityforcombustionuseinasmuohasa linerconstructedofsmall
segmentswasunderinvestigationelsewhere.

The simplest~thodofreinforcingtheoeramicwastocastit
insidea Mtal shell;suoha shellwasthereforeconstructedand
senttotheNationalBureauofStandardsjwherea ceramiolinlng
waseastintoposition.Itwasfoundthat,forpurposesofevalu-
atingtheoeramioundercombustionconditions,noinnerliningwas
required.Theocmbustorwasoperatedina stationarytestunit
withAN-F-23agasolineasfuel.

ThepurposeofthispaperIstoreportonlythebehaviorand
themechanismoffailureoftheceramicliningundercombustion
andtotintionthepossibilitiesofoperationofsuoha oombustor
fromthepointofviewofthelimitingfuel-airmtiosatwhich
combustionmaybemaintainedwithoutdamagetotheliner.

AFmRmJsAIiDSPECIMEN

Thetestohamberwaaoirculm?inseotionwitha taperedconioal
seotionofreduoedareaateaohend.Thelengthoftheohamberwas

28$inohes,themaximumoutsidediamterwas12*inohes(fig.1),

aadtheminimuminsidediameterwas5;inohes;theover-allweight

ofthehousingandtheceramioliningwas54pounds.

Thetestunitoonsistedofa staticburnersetup,asshownin
,flgures2 and3. Ccaibustionair=8 w88eathroughaninletduet
intowhlohfuelwassprayedIgnitionwasammqpllehed.bya spark
plug.TheinnerMnerupstreamofthe testohaziberservedasa
flsmeholderand.asameansofprovidingturbulence(fig.4).
Thetestcheniberwasequippedwiththermocouples(figs.1 and2),
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pastwhichthecombustiongasflowed.
gasintheexhaustducting.Waterwas

3

Watersprayscooledthehot
in.lectedintothe~s stream

inthedirectionoftheg=sflowbymeans-ofeightspray~ozzles.
Fournozzleswereplacedimmediatelydownstreamofthethermocouple
sectionandfourmoreabout10feetdownstreamofthethermocouple
section(fig.3).

Thereferencethermocouplesection,inwhichtwothermocouples
weremountedintandem,wasinstalleddirectlydownstreamofthe
testchamber.Oneinstallationconsistedofa quadruple-shielded
alumel-chromelthermocouple.Thesecondinstallationconsistedof
a platinum-@atinum-rhodiumthermocoupleelementmountedinsidea
sealed,gas-imperviousahnninum-oxidetubethatextendedoutside
theduct.

Eightalumel-chromelthermocoupleswerespot-weldedonthe
outsidesurfaceofthetestchamber,fouratthemaximumdiameter
andtwooneachofthetaperedsections(fig.1). Twelvealumel-
chromelthermocouplesweremountedintheceramicliningatpoints
asnearlyalinedaspossiblewiththethermocouplesspot-weldedon
theoutershell.Eightofthesethermocouplesweremountedinpairs
every90°ofcircumferenceinthesectionofmaximumdiameterand
theotherfour wereinstalledinthetaperedoutletsection,oneat
each90°ofcircumference(fig.1). Thedepthofthethermocouples
intheceramicvariedfrom3/16to5/16inchfromtheoutsidesurface.

Temperaturesmeasuredbythealumel-chromelthermocoupleswere
indicatedb~a seM-balenoingpotentiometer.Readingsofthe
platinum-platinum-rhodiumthermocouplewereindicatedbya msnually
operatedsllde-wirepotentiometer.Ratesoffuelflowandcombustion-
airflw weremeasuredbya rotameterandbya thin-plateorifice,
respectively.Foralltests,combustionairwassuppliedata
nominalgagepressureof30poundspersquareinch.Duringalltests,
theetiusttrenchwasevacuatedtoa pressurecorrespondingto
6 inchesofwaterbelowatmosphericpressure.Thefuelusedinall
testswasAN-F-23agasollne.

Theoutershellofthetestchamberwasfabricatedfroml/16-inch
thickInconelsheet.TheshellwaslinedbytheNationalBureauof
Standardswitha selectedceramichavinga compositiondesignated
A-329. Thiscompositionvariedfromtheceramic
inreference1 tnthatthemitiure
couldlecastintomoldstogivea
periodofapproximately24hours.

washydraulic
concrete-~

coatingsaspresented
settingandtherefore
massaftera curing

.
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TheoomposltionofthisA-329oeramicliner
follows:

NACARMNo.E7H20

materialwaeas

Ingredient ~ Partsbyweight

Lumnitecement1 50

Calcinedaluminumoxidez
I

25

Fusedmagnesiumoxide3
I

25

Iapidolite4 I 5

Water I 27.5

%alcium-ahuinatetypehydrauliuoementfromtheAtlas
LumniteCement.Co.

2T-60grade,sizedtopass60-nw3hsieve,fromAluminum
OreCo.

3Sizedtopass30-meshsievefromGeneralElectrioCo.

4Sizedto pass100-meshsieve.

Theseingredientswarefirstdry-mixedafterwhlohthewater
wasaddedandmixedintothedrybatoh.Previoustothismixing,
theIhconelchamberwasdisconnectedattheflangebetweentheoenter
andfrontseotiontogivetwoparts.A plaster-of-Pariscorewas
thenturnedforeachparttogiveapproximatelya 3/8-inohulearance
withtheohamberwall.Shellackedpaperwasnextplaoedoverthe
coreanda lightooatingofgreaseappliedoverthepaper.

Inoastingtheoeramioliner,theoorewasfirstcenteredin
theohamberpartafterwhichitwasplaoedontheplatformofa
Jeffrey+b?aylorelectro-vibratorhavinga vibrationfrequencyof
3600cyclesperminute.Thewetbatchwasthenslowlypouredinto
thespaoebetweentheooreandthewalluntillevelfull.After
pouring,thepartsweresetasidefor24hourstocureandharden
titerwhiohtheooreswereremoved.

Eiringwasdoneat2300°F for30minutesinanunmuffledfur-
nace%utwiththeflameadjustedtogivea slightlyreducii.ngcon-
dition.Inspiteofthisprecaution,heavymaleformsdonths
Thconelbutitwas,forWe mostpart,tightlyadherent.

.

.
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Afterthefiringoperation,whichcauseda smallpe+ent
ewsion intheoeramic,theendswere-thed bygrind@gand
thetwopartsagaintiltedtogether.A finaltreatmentconsisted
inbrushinga thinlayerofanair-settingrefractorymortarover
theentireinnersurfaceoftheliner.Thistreatmentsealedthe
crackthatwaspresentwherethetwosectionswere#oinedtogether
andalsogavea harder,moreresistantsurface.

Eecausesomepartsofthemetalhousingwereout-of-round,
especiallynearthelargediameter,thethiolmessofthelining
variedfromapproximately1/4inchneartheflangesto1/2inchat
“pointsmidwaybetweentheflanges.Afterthelinerhadbeenreturned
totheClevelandlaboratory,ttwasexaminedanda crackwasnoted
intheceramicliningthatevidentlyhadformedintransit.

Anunlinedtestchamberofsimilardimensionswasalsoinvesti-
gated.Eightalumel-chromelthermocoupleswerespot-weldedonthe
outsidesurfaceofthetestchamberinthesamepositionsasthose
installedontheceramic-linedtestchamber(fig.3).

PRocEDmaI
Tenthermalshockrunsweremade,whichconsistedofoperation

ofthetestchamberat a givenfuel-airratiountiltemperaturewas
constantfor30minutes.Attheendofthistime,thefuelflaw
wasabruptlystoppedinorderthattheensuingblastofcoldair
wouldsubjecttheshelltodynamicthermalstresses.Thesethermal-
shockrunswereconductedata .lUWfuel-airratio,0.016,andatan
air-flowrateof116poundsperminute.Theaveragereference
outlet-gastemperatureduringtheserunswas1600°F. A thermal
shookwasalsoprovidedaftereachrunbynormalshutdownprocedure
fortherml-shockruns. ~ -

Anenduzancestudywasconductedatreferenceoutlet-gastem-
peraturesof2000°,2400°,2600°F for12,13,28;hours,respec-
tively;aninspectionoftheliningwasmadeaftereach6-hour
period.Themaximumreferenceoutlet-gastemperatureof2600°F was
chosenbecausepreviousexperiencehadindicatedthatthistemperature
wasthemaximumcontinuousoperatingtemperaturethatthethermo-
couplecouldwithstandwithoutfailurefromoverheating.

Theunitwasfinallyoperatedatincreasinglyricherfuel-air
ratios.Allgas-temperaturetheromcoupleswereremovedforthis
seriesbecausepreviousrunsata fuel-airratioof0.034andanair-
flowrateof1.20poundsperminutehaddestroyeda shieldedalunml-
chromelthermocouplebymeltingandcorrosion.Supplementarywater
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sprayswereaddedtotheexhaustgasinthereferenoethermocouple
sectioninordertokeeptheexhaust-trenchgastemperaturebelow
Itsratedvalueof200°Z’.

Chippingtestsoftheoeramicliningwereoonductedtodetermine
thedegreeofadherenceoftheliningtothehousing.A l/2-PoLmd
ball-peenhammerwasused,a vigorousblowwasdirectedonthelining,
andtheresultantcrackingorcrumblingwasnoted.

Duringallruns,theoutsidemetal-shelltemperatureswere
reoordedandcheckedforcorrelationagainstfuel-andair-fluw
measurenwntsinordertoaidInobtainingconsistenttemperature
oonditionswlthlntheburner.

Theunlinedtestohamberwasoperatedatfuel-airratiosof
0.016and0.050withairflowsof116and75poundsperminute,
respectively.Outsidesurfacetemperatureswerereoordedforcom-
parisonpurposes.

RESULTSANDDISCUSSION

A logofoperatingtimesisgivenintableI. Temperatures
msasuredatseveraldepthsintheceramicliningarepresentedin
table11. Thetempe=turedatawereplottedagainstthedepthof
thethermocouplesintheoeramiclininginordertoestablishthe
temperaturegradientthroughthelini~. (Seefig.5.) Thesetem-
peraturesrangedfrom300°F atthesurfacenexttotheshellto
1250°F ata point3/16inohfromtheinnersurface.Beoausethe
looationsofthebaremetalofthethermocouplescouldnot‘t@
determinedwithgreataoouracy,theabsolssavaluesshouninfig-
ure5 arenottobeoansideredoor?.wottomorethan+1/32inoh.
Thesecurveswereextrapolatedandthetemperaturegradientswere
thenestimatedfromfigure5. Theaveragegradientata fuel-air
ratioof0.050andanairflowof75poundsperminutewas650°1’
perinoh;ata fuel-airratioof0.016andanairflowof 116pounds
perminute,theave~ gradientwas470°F perinch.Thesetem-
peraturesandgradientsaretndioativeoftheappro~te operating
ConditionsonlyoftheOerallliolining.

TheoeramicMnlngcrackedtna numberofplaoesearlyinthe
firstgroupofruns*Thisbehaviorisinaccordancewithprevious
eqeriencewithotherlargepiecesofoeramicmaterial.Thepieces
resultingfromthecracks,however,didnotfallout;thereforea
oczrtinuousoeramhshellwaspreservedatalltimes.
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Thereasonforthecoherenceofthece~c pieoesliesinthe
choiceofceramicmaterial.Theparticularmaterialusedexpands
afterfiring,thussettingupcompressivestressesintheceramic
shell.Thesecompressiveforoeskeystonethepiecesin@ace. The
compressivestressinthecersmicliningwasmaintainedintheaxial
aswellasthecircumferentialdirectionbeoauseoftheconstraint
inherentintheshapeoftheliner.Thediminishedcrosssectionof
theohsmherateachendofthelinerpreventedfreeexpansionofthe
lininginanaxialdirection.

Thecompressivestressesintheliningservednotonlytowedge
thepieoestogether,butalsotoreducetheextentofcracking.
Ceremicmaterialsarenotablystrongerincompressionthanintensim.
AnexampleisthecaseofA~03,whichmanifestsa compressive
strengthof412,000poundspersquareinchanda tensilestrength
of36,000poundspersquareinch.Thestressesimposedbythe-l
gradientsaloneare,ingeneral,compressiveattheinnersurfaoe .
andtensileattheoutersurfacebyreasonofthehightherml
gradientacrossa thermalinsulator,suchasa oeramicmaterial.
Whenthesestressesaresuperposedonthecompressivestresses
inducedbyexpansionoftheoeramicmaterialonsetting,the
resultanttensilestressesarereduoedandcompressivestresses
increased.Thisstressdistributionfavorsthepoorresistanceto
tensilefailure,withtheresultthathigherthermalgradients=Y
besupportedthanwhentheliningisnotinimpression.

Asthegastemperatureinsidethetestchamberisincreased,
boththeceramicliningandthemetalshellexpand.Ceramic=terials,
ingeneral,possesslowercoefficientsofthe-l expansionthanthose
ofmetals.Iftheoeramiccoatingisverythin,thetemperaturesof
themetalshellandtheliningwillnotdiffergreatlyandstresses
tilltendtoberelieved.~ theliningisthick,greaterthan
1/32inoh,themetaltemyemturewillbesomuohlowerthanthe
averagetemperatureoftheoeramicthattheceramiowilleqandmore
despiteitslowercoefficientofthemnale~sion andthecompressive
stresseswillbeincreased.Thethermalcoefficientoflinear
expansionoftheceramicmaterialwasnotknown,butitisbelieved
tobewithinthelimitsof11x 10-6and8.5X 10-6inchesperinoh
per‘C. Thethermalcoefficientoflinearexpansionofthemetal
was1.3.3x 10‘6inchesperinohper‘C.

Thesecoefficientsofexpansicmindicatethataslongasthe
ceramicticreasesintemperatureata rateinexcessofabout1.2thes
therateofincreaseihtemperatureofthemetal,thecompressive. stresswillbecomegreater.H theriseintemperatureoftheoeramic

.
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materialislessthanthisamount,thecompressivestresseswilltend
toberelieved.Nogasflowordinarilytakesplaoethroughtheoracks
intheceramicliningbeoausethereisnooutletforthisgas.The
exceptiontothisstatementwastheactualfailure,whiohwasabetted
bya fluwofgasthroughtheorackintheliningandoutthroughthe
intersticebetweentwoflangesofthemetalshell.

Ohippingtestsconductedwitha ball-peenhammerbeforeandafter
operationindioatedthattheliningoouldwithstandconsiderable
meohanioalshockwithoutapparentinjury.Thisfaotwasverified
whenthetestohsmberwasaccidentallydropped3 feetontoa ooncrete
floorwithoutdamage.A vigorousblowwiththehamerwasrequired
todislodgeamypiecesofthelining,evenafterfractureofthe—.
lining.

Anunlinedtestchanherwasalsooperated
determinetheeffioacyoftheceramicmaterial
reduotlonofthemetalshell.TableIIIshows
chambersingeneralappeartorunfrom2000to

inorderto
fortemperature
thattheunlined
400°F hotterthan

theshellofthelinedch~berata fuel-airratioof0.016and
anair-flowrateof116poundsperminute;ata fuel-airratio
of0.050andanair-flowrateof75poundsperminutea tempera-
turedifferencevaryingfromabout200°toabout800°’isnoted.

.

CONCL~ION5
.

A ceramic-linedcombustionchamberforgas-turbineusewas
operatedatfuel-airratiosupto0.050.Ananalysisofthebehavior
andthemeohanismoffailureoftheceramicliningundercombustion
ledtothefollowingconclusions:

1.A oeramioaoatingconsistingofcomonoeramiomaterialsof
l/4-inohtol/2-inchthiclmessap~arstobesuitableforeffeoting
a considerabletemperaturereductioninthewalltemperaturesof
combustionchambers.~ thisinvestigation,temperaturereductions
of200°to400°F wereobtainedbytheuseofsucha liningata
fuel-airratioof0.016andanairflawof116poundsperminute.
Reductionof200°to800°F wereobtainedata fuel-airratioof
0.050andanairflowof7!5poundsperminute.

—

2.A ceramicliningthatexpandsonsettingisdesirablein
ordertominimizetheorackingoausedbythe-l gradientsandto
preventthetotaldestructionoftheliningbypreventingtheceramic
pieoesfromfallingapart.
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3.Forcombustorsofthet~e investigated,theceramiclining
maybeexpectedtofailchieflybycrackingcausedbythermalstresses
attemperaturesbelowthesofteningpointoftheceramicmaterial.

FlightPropulsionResearchLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio.
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G

1
2
3
4
5
6
7
8
9
10
11
12
13
14
I-5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

:ime ofrun
(hr)

0.50
.50
.50
●50
.50
.50
.50
.50
.50
.50
7.25
2.58
4.25
5.16
6.00
6.00
6.00
7.00
6.50
6.00
6.00
4.00
6.00
.50
2.50
4.00
3.50
3.00
7.00
5.00
3.50
1.25
3.50
5.00
4.00
6.00
2.00
2.00
.50
.67
.67

TYK8LEI-LOGOFOPERATINGTIME

rotaltime
(hr)

0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
12.25
14.83
19.08
24.25
30.25
36.25
42.25
49.25
55.75
61.75
67.75
71.75
77.75
78.25
80.75,
84.75
88.25
91.25
98.25
103.25
106.75
108.00
111.50
116.50
120.50
126.50
128.50
130.50
131.00
131.67
132.35

?uel-air
?atio

0.016
.016
.016
.016
.016
.016
.016
.016
.016
.016
.021
.021
.034
.040
.018
.018
.021
.021
.023
.023
.023
.023
.023
.010
.012
.016
.012
.01.2
.016
.019
.016
.025
,330
,030
,030
.030
.030
.035
.050
.050
.050

Airflow
(lb/tin)

116
116
116
116
116
116
116
116
116
116
100
110
120
85
110
110
110
110
110
110
110
110
110
150
140
130
100
50
110
110
116
110
110
110
120
120
85
120
75
75
75

T~ ofrun

Thermalshock
Do.
Do.
Do.
Do.
Do.
Do.
h.
Do.
Do.

‘preliminaryenduranc{
Do.
Do.
Do.

Thermlenduranoe
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.

Temperaturesurvey
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do. .

.
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T!ABLEII- TEMPERATuREs AT

INOERAMICLINING

.

Indicatedtemperature,‘F
I IirflowFuel-air

Centersection Rearsection(lb/rein)ratio
a
Top SideBottomSideTopBottom, # 1

TABLEIII-COMPARISONOFOUTSIDIZSHELLT!E?@ERATURES

FOR- MDUNLINED COMBUSTIONCEM@ERS

Indicatedtemperature,%?

Centersection RearsectionAirflowFuel-air.(lb/rein)ratio
Top SideBottomSide Top Bottom

:eramic-
Lined 520 510 405 290 365 250 116 0.016
Amaber

Mlined ~m
Aumber 940 635 U30 600 715 116 0.016

Ueramic-
Lined 1055a825 920 660 775 625 75 0.050
>haniber

Jnlined1390~ 85 1135 14551290 1420
:ham%er

75 0.050

%stimatedvalue,obtainedfromonereadingbeforethermocouple
failed.
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